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The mechanisms of tissue convergence and exten-
sion (CE) driving axial elongation in mammalian
embryos, and in particular, the cellular behaviors
underlying CE in the epithelial neural tissue, have
not been identified. Here we show that mouse neural
cells undergo mediolaterally biased cell intercalation
and exhibit both apical boundary rearrangement and
polarized basolateral protrusive activity. Planar po-
larization and coordination of these two cell behav-
iors are essential for neural CE, as shown by failure
of mediolateral intercalation in embryos mutant for
two proteins associated with planar cell polarity
signaling: Vangl2 and Ptk7. Embryos with mutations
in Ptk7 fail to polarize cell behaviors within the plane
of the tissue, whereas Vangl2mutant embryos main-
tain tissue polarity and basal protrusive activity but
are deficient in apical neighbor exchange. Neuroe-
pithelial cells in bothmutants fail to apically constrict,
leading to craniorachischisis. These results reveal
a cooperative mechanism for cell rearrangement
during epithelial morphogenesis.
INTRODUCTION
Neurulation is the process by which the prospective central ner-
vous system is formed. In amniote embryos, this process begins
with the formation of the neural plate, a flat sheet of neural ecto-
derm that undergoes a series of complex shape changes that
result in a narrow and elongated structure with a medial neural
groove and lateral neural folds (Schoenwolf, 1991). Many of
these tissue-level changes are facilitated by changes in cell
shape: cells of the lateral neural plate increase their apical-basal
height, whereas cells at themidline becomewedge shaped, thus
creating a hinge point (Schoenwolf, 1985; Schoenwolf and
Franks, 1984). The neural folds must then come together medi-
ally and fuse to close the neural tube. Neural fold apposition is
largely facilitated by the hinge points and the surface ectoderm
(Alvarez and Schoenwolf, 1992; Hackett et al., 1997), and as
the folds elevate to meet medially, the neural plate also narrows
significantly (Jacobson and Gordon, 1976; Schoenwolf, 1985).
This narrowing (convergence) may serve to bring the neural folds34 Developmental Cell 29, 34–46, April 14, 2014 ª2014 Elsevier Inc.closer together (Wallingford and Harland, 2002), and it is associ-
ated with a concomitant extension of the tissue that contributes
to elongation of the neural plate (Jacobson and Gordon, 1976;
Schoenwolf, 1985). Although much is understood about the
cellular mechanisms that result in the formation of the neural
groove and hinge points (Schoenwolf and Powers, 1987; Shum
and Copp, 1996; Smith and Schoenwolf, 1987; Smith et al.,
1994), much less is known about the process of neural conver-
gence and extension (CE) in amniote embryos.
In amphibian embryos, mediolateral cell intercalation drives
CE of the neural plate (Jacobson, 1994; Keller et al., 2000) and
is accomplished by polarized protrusive activity and intercalation
of deep neural cells (Davidson and Keller, 1999; Elul and Keller,
2000; Elul et al., 1997). Similar cell behaviors underlie CE of the
neural keel in zebrafish embryos (Harrington et al., 2010; Warga
and Kimmel, 1990), as well as mesoderm intercalation in frogs,
fish, and mice (Glickman et al., 2003; Heisenberg et al., 2000;
Keller et al., 2000; Shih and Keller, 1992; Yen et al., 2009; Yin
et al., 2008). In all of these examples, the polarity of intercalation
is determined by planar cell polarity (PCP) signaling (Ciruna et al.,
2006; Goto and Keller, 2002; Jessen et al., 2002;Wallingford and
Harland, 2001; Yen et al., 2009).
PCP signaling is one mechanism that links the processes
of neural CE and neural tube closure, and both fail when PCP
signaling is perturbed. In Xenopus embryos, loss of PCP
signaling leads to failure of neural CE and an open neural tube
(Goto and Keller, 2002; Wallingford and Harland, 2002). Defects
in PCP signaling are also associated with neural tube closure de-
fects in mice. Indeed, all mouse models of craniorachischisis, a
failure of nearly the entire length of the neural tube to close, result
from homozygous mutations in PCP components (Curtin et al.,
2003; Gerrelli and Copp, 1997; Greene et al., 1998; Hamblet
et al., 2002; Kibar et al., 2001; Lu et al., 2004; Murdoch et al.,
2003; Wang et al., 2006b). These include Looptail (Lp) mice,
which carry a point mutation in Vangl2, a homolog of the
Drosophila PCP gene Van Gogh/Strabismus (Kibar et al., 2001;
Murdoch et al., 2001). This mutation prevents delivery of the
Vangl2 protein to the plasma membrane (Merte et al., 2010)
and may also act in a dominant-negative manner by affecting
distribution of other proteins, such as Vangl1 and Pk2 (Song
et al., 2010; Yin et al., 2012). PCP phenotypes are also found in
mice mutant for Ptk7, a gene that is involved in planar polarity,
but whose Drosophila homolog is not a core member of the
PCP pathway (Lu et al., 2004; Peradziryi et al., 2011). How these
and other PCP genes regulate neural tube morphogenesis in
amniotes is largely unknown. Unlike the neural plate of Xenopus
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eral intercalation of deep mesenchymal cells drive CE (Davidson
and Keller, 1999; Elul et al., 1997; Harrington et al., 2010), the
neural plate of amniote embryos is a single-layered pseudostra-
tified epithelium. We hypothesize that the cellular mechanisms
driving elongation of an epithelial tissue likely differ significantly
from those of a mesenchymal cell population.
Epithelial intercalation has been best characterized in non-
neural epithelia, where a variety of cellular mechanisms have
been found to drive CE. Cells in the Drosophila germband, for
example, rearrange via oriented neighbor exchange and the
formation/resolution of multicellular rosette structures (Bertet
et al., 2004; Blankenship et al., 2006; Zallen and Blankenship,
2008). In contrast, the epidermal cells of the Caenorhabditis
elegans embryo rearrange via large basolateral protrusions
that invade between adjacent cells (Williams-Masson et al.,
1998). The sea urchin archenteron and the notochord of the
ascidian embryo also elongate via intercalation driven by polar-
ized protrusive activity (Hardin, 1989; Munro and Odell, 2002).
Drosophila imaginal discs elongate and evaginate by a combi-
nation of several mechanisms, including cell intercalation, cell
shape change, and cell division (Condic et al., 1991; Fristrom,
1976; Taylor and Adler, 2008). Epithelial tubules in the mouse
postnatal kidney elongate by polarized cell divisions (Carroll
and Das, 2011; Fischer et al., 2006), whereas embryonic kidney
tubules elongate by cell intercalations around the circumference
of the tube (Karner et al., 2009), driven, at least in part, by polar-
ized formation and resolution of epithelial rosettes (Lienkamp
et al., 2012).
Thus, there are several mechanisms that can facilitate elonga-
tion of epithelial sheets and tubes, some of which may be
conserved in the neural plate of amniote embryos. Indeed, the
neural plate of the chick embryo is believed to elongate through
a combination of several of these mechanisms, including cell
intercalation, cell shape changes, and oriented division (Sau-
sedo et al., 1997; Schoenwolf, 1991; Schoenwolf and Alvarez,
1989; Schoenwolf and Powers, 1987; Schoenwolf and Yuan,
1995). Mediolateral cell boundary shortening in the chick fore-
brain neural plate drives both narrowing of the neural plate
and apical constriction of neural epithelial cells, but it does not
appear to result in appreciable cell intercalation (Nishimura
et al., 2012). Although it has been demonstrated that the mouse
neural tube undergoes CE (Ybot-Gonzalez et al., 2007), the
underlying cellular mechanism(s) remains unknown.
Here we have identified the cellular mechanisms of neural
plate elongation in mouse embryos by direct observation of
live, whole embryos using time-lapse confocal microscopy. We
have found that the neural epithelium undergoes mediolateral
cell intercalation and exhibits both apical boundary rearrange-
ment and mediolaterally biased basolateral protrusive activity.
Both of these mechanisms contribute, perhaps equally, to
mediolateral cell intercalation. We also demonstrate that Ptk7
and Vangl2, two regulators of planar cell polarity, regulate neural
cell intercalation and CE. Ptk7 mutant embryos fail to polarize
intercalation events within the plane of the tissue, affecting
both apical and basal cell behaviors, whereas Vangl2 Lpmutant
embryos maintain tissue polarity but are deficient in apical
neighbor exchange, thus affecting only apical cell behavior.
Observation of these distinct cell behavior phenotypes hasDallowed us to functionally separate mechanisms in both the
apical and basal domains of intercalating epithelial cells.
RESULTS
The Mouse Neural Plate Undergoes Convergent
Extension
Eight-hour time-lapse confocal movies were made of e8.0 mT/
mG:ZP3 cre embryos in which every cell expresses mem-
brane-targeted EGFP (mG). These time-lapse series focus on
the ventral neural plate beginning at approximately the two-
to four-somite stage (see Movie S1 available online). To quantify
the normal progress of neural CE, we measured tissue shape
changes by using distortion diagrams. Diagrams overlying
wild-type (WT) neural plates undergo substantial elongation
and modest narrowing (Figures 1A and 1A0) that is indicative of
CE. The extent of CE was determined by measuring the change
in average anterior-posterior (AP) length and mediolateral (ML)
width of distortion diagrams over time.WT neural plates elongate
by an average of 22.3% and narrow by an average of 7.7%,
resulting in a 35.4% average increase in overall AP/ML ratio, or
CE index (Figures 1G and 1H).
Mouse neural tissue is highly proliferative, and oriented divi-
sion may contribute to the overall elongation and shaping of
the neural tube (Sausedo et al., 1997). Wemeasured the orienta-
tion of both the division plane and final position of daughter
cells relative to the AP axis in dividing cells observed within
four WT time-lapse movies. No bias in the orientation of either
was observed (Figure S1). It is conceivable, however, that ori-
ented cell divisions may play a more substantial role in neural
elongation at later stages of development. Because our analysis
encompasses neural plate morphogenesis only at early somite
stages, we cannot exclude this possibility. Regardless of their
orientations, in the mouse, cell cycles include growth and in-
crease the volume of the tissue. The amount of convergence
observed (7.7%) is relatively modest compared with the amount
of extension (22.3%), suggesting that elongation of the neural
plate likely occurs by a combination of increased tissue volume
and convergence, with the increase in volume being channeled
into extension.
Neural CE Is Disrupted in Embryos Mutant for Vangl2
and Ptk7
Embryos homozygous for mutations in Vangl2 or Ptk7 exhibit
dramatic defects in axial elongation. Both are born with severely
shortened AP body axes and exhibit craniorachischisis, a failure
of the neural tube to close posterior to the midbrain (Greene
et al., 1998; Lu et al., 2004). To determine how neural CE
is affected by mutations in these genes, 8 hr time-lapse se-
quences were made of homozygous mutant embryos (Movie
S1), and overall tissue distortions were analyzed. The CE index
of Vangl2Lp/Lp mutant (Lp mutant) neural plates was 20.7%
on average, compared with 35.4% in WT embryos (Figures
1C, 1C0, and 1G), consistent with the reduction of CE reported
previously in Lp mutant embryos (Wang et al., 2006a; Ybot-
Gonzalez et al., 2007). The CE index of Ptk7XST87/XST87 mutant
(Ptk7 mutant) neural plates was only 6.7% (Figures 1E, 1E0,
and 1G), a significantly smaller value than that of WT. A similar
reduction in CE is detected when tissue distortion is measuredevelopmental Cell 29, 34–46, April 14, 2014 ª2014 Elsevier Inc. 35
Figure 1. The Neural Plate of e8 Mouse Embryos Undergoes CE, Which Is Reduced in Lp and Ptk7 Mutant Embryos
(A, C, and E) Snapshots from 8 hr live time-lapse movies of fluorescently labeled e8 mouse embryos. Distortion diagrams overlying neural plates represent
changes in the relative position of cells over time. Anterior is up. Scale bars, 25 mm. (A) and (A0) show WT embryo (n = 12). (C) and (C0) show Vangl2 Lp mutant
embryo (n = 4). (E) and (E0) show Ptk7 mutant (Ptk7 Mu) embryo (n = 4).
(B, D, and F) Images of whole WT (B), Lp mutant (D), and Ptk7 mutant (F) e8 embryos, with genotype indicated at left. Dotted lines represent length of AP axis,
which is conspicuously shorter in Ptk7 mutants. Anterior is left.
(G) Graph summarizing the percent change in AP/ML ratio of distortion diagrams overlying neural plates of each embryo type over8 hr. Error bars are mean with
SEM. Bars labeled with the same letter are not statistically different (Kruskal-Wallis, p > 0.05).
(H) Graph summarizing the percent change in the AP (vertical striped bars) and ML dimensions (horizontal striped bars) of distortion diagrams overlying neural
plates of each embryo type. Error bars are mean with SEM.
See also Figure S2 and Movie S1.
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of distortion diagrams (Figure S2). The decrease in overall CE in
Lp mutant embryos is due to proportionate decreases in both
convergence and extension, whereas the additional decrease
in Ptk7 mutant embryos compared with Lp mutants is due to
a further decrease in convergence alone when measured
directly (Figure 1H). However, when considered on the basis
of cell number, the further decrease in the Ptk7 mutants is
also proportionate (Figure S2).
Neural Plate Cell Morphology Is Altered in Vangl2 and
Ptk7 Mutants
The cell behaviors driving neural tube closure have been well
described in chick and mouse and include apical constriction
(or wedging) of neural epithelial cells (Smith and Schoenwolf,
1987; Smith et al., 1994). Failure of neural tube closure has
been attributed to failure of CE in the prospective floor plate
(Wallingford and Harland, 2002). However, it is possible that fail-
ure of cell wedging could be a contributing factor in neural tube
defects in mice. To examine cell shape within the mouse neural
plate, whole e8.5 WT, Lp mutant, and Ptk7 mutant embryos
were stained with rhodamine phalloidin to visualize cell outlines
through the full thickness of the ventral neural plate. Measure-
ments of the resulting z stacks indicate that the apical surface
of Vangl2 Lp and Ptk7 mutant neural plate cells have a signifi-36 Developmental Cell 29, 34–46, April 14, 2014 ª2014 Elsevier Inc.cantly larger apical surface area and are significantly shorter
than WT neural plate cells (Figure S3). These aberrant cell mor-
phologies are associated with abnormal actin organization at
the medial hinge point (Figure S3), suggesting that aberrant
cell morphology contributes, along with decreased CE, to failure
of neural tube closure seen in these embryos.
The Neural Plate Exhibits Mediolaterally Biased Apical
Neighbor Exchange
To characterize the cell behavior underlying neural CE, the time-
lapse movies described above were analyzed again by tracking
several clusters of six to eight cells within each neural plate near
their apical ends to determine the extent of neighbor exchange
that occurs within them. A neighbor exchange is defined as a
pair of adjacent cells that are separated from one another, as
illustrated by white cells in Figure 2B. We found that neighbor
exchange is associated with several different types of apical
boundary rearrangement (Figures 2A and 2B): rosette resolution,
division, single-cell intercalation, or T1 processes. Rosette reso-
lution (Blankenship et al., 2006) involves a group of cells that
transitions from an ML-oriented array to a rosette-shaped struc-
ture with a common vertex and then resolves to an AP-oriented
array via coordinated elongation of new cell-cell boundaries.
Division is any neighbor exchange that results from a cell divi-
sion either within or near the cluster. Single-cell intercalation
Figure 2. Epithelial Rosettes, among Other Types of Apical Rearrangement, Occur within the Neural Plate
Clusters of six to eight cells were tracked within the neural plate of each of eight WT, four Lp Mu, and four Ptk7 Mu embryos.
(A) Snapshots from WT time-lapse movies. Each series represents one type of neighbor exchange observed in the neural epithelium, as indicated by yellow
outlines and arrowheads. Anterior is up. Scale bar, 10 mm.
(B) Schematic summary of each type of neighbor exchange. White cells represent an adjacent cell pair that is separated.
(C) Graph shows the frequency of each type of neighbor exchange within WT (light bars), LpMu (checked bars), and Ptk7 Mu (striped bars) neural plates. Bars
indicate the percentage of total neighbor exchanges; color of bars corresponds to diagrams in (B). All bars represent the percentage of the total number
evaluated. The distribution of neighbor exchanges is not different between groups (chi-square, p = 0.118).
See also Figure S4.
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bors, thereby separating them. Finally, a T1 process (Bertet
et al., 2004; Weaire and Rivier, 1984; Zallen and Zallen, 2004)
involves a cluster of four cells that transition from AP neighbor
contact to ML neighbor contact by shortening their AP boundary
to produce a four-cell-vertex intermediate and subsequently
elongating the ML boundary. Single-cell intercalation, similar to
‘‘cell shuffling’’ (Honda et al., 2008), is distinct from the T1 pro-
cess in that it is not driven by symmetric boundary shortening
to a central vertex, and the final position of the intercalating
cell is fully between its two neighbors. To appreciate this,
compare the final positions of the green cell in the single-cell
intercalation illustrated in Figure 2Bwith that of the two blue cells
in the T1 process illustrated in Figure 2B. Figure 2C shows the
frequency of each type of neighbor exchange within WT, as
well as Lp and Ptk7mutant, neural plates. The types of neighbor
exchanges exhibited do not differ between WT and mutant
embryos (Figure 2C).
Themajority of cell clusters observed exhibit multiple neighbor
exchanges over the course of 8 hr, and these are often associ-
ated with multiple types of boundary rearrangement in combina-
tion. Importantly, this is also true of cell clusters that form
rosettes. For example, nearly half of rosettes (29 of 61 observed
in WT embryos) display at least a partial ‘‘typical’’ resolution (i.e.,
by elongation of continuous cell-cell boundaries), but the
component cells then rearrange by one or more of the other
types of boundary rearrangement (division, intercalation, T1 pro-Dcess [Figure 2C]). The result is that the majority of neighbor
exchanges observed in cell clusters that form rosettes are not
the ‘‘typical’’ rosette resolution by coordinate elongation of linear
cell boundaries. Of WT rosettes that do resolve by elongating
linear boundaries, however, 86% do so along the AP axis (Fig-
ure S4). This strong preference for AP rosette resolution is similar
to that observed within the Drosophila germband (Blankenship
et al., 2006).
To evaluate the directionality of other types of neighbor
exchange, observed neighbor exchange was scored according
to the axis along which adjacent cells were separated. For
example, the green and cyan cells shown in Figure 3A begin in
contact with one another, but in Figure 3A0 they have been sepa-
rated in the AP dimension. The majority of cell pairs within WT
neural plates were found to separate along the AP axis rather
than theML or diagonal axes (Figure 3D), demonstrating a strong
bias toward mediolateral cell intercalation.
Embryos Mutant for Vangl2 and Ptk7 Show Aberrant
Neural Epithelial Intercalation
Clusters of cells were tracked within the neural plates of Lp and
Ptk7 mutant embryos, and the axis of cell pair separation was
quantified. Neighbor exchanges observed near the apical ends
of Lp mutant neural plate cells are, like WT, biased toward AP
cell pair separation, indicating an ML bias of intercalation (Fig-
ure 3E). However, Lpmutant embryos exhibit significantly fewer
total neighbor exchanges than do WT neural plates (Figure 3G).evelopmental Cell 29, 34–46, April 14, 2014 ª2014 Elsevier Inc. 37
Figure 3. Neural Plate Cells undergo Mediolateral Intercalation, Which Is Disrupted in Lp and Ptk7 Mu Embryos
(A–C0) Snapshots from time-lapsemovies of live embryos with cell clusters outlined inWT embryos (n = 118) (A and A0), Lpmutant embryos (n = 52) (B and B0), and
Ptk7 mutant embryos (n = 42) (C and C0). Anterior is up.
(D–F) Graphs shows number of cells pairs per cluster that are separated along each axis within WT (D), Lp (E), and Ptk7 Mu (F) embryos. Distribution is not
significantly different betweenWT and Lpmutants but is significantly different betweenWT and Ptk7mutants (chi-square, p = 0.56 and p < 0.0001, respectively).
All error bars show mean with SEM. diag, diagonal axis.
(G) Graph indicates the total number of cell pairs separated per cluster within each embryo type. Error bars show mean with SEM. Bars labeled with the same
letter are not statistically different (ANOVA, p > 0.05).
See also Figure S4.
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show no AP bias, but instead separate cells in random directions
(Figure 3F), indicating that cell intercalation is not mediolaterally
biased in these mutants. However, the number of neighbor ex-
changes observed within Ptk7 mutant embryos is not signifi-
cantly different from that of WT (Figure 3G). These trends in
neighbor exchange of pairs of cells also largely hold true for
multicell rosettes within mutant neural plates. Of rosettes
observed within WT neural plates, only 5% remain intact after38 Developmental Cell 29, 34–46, April 14, 2014 ª2014 Elsevier Inc.8 hr. In contrast, 31% of rosettes in Lp mutant neural plates
remain intact after the same period (Figure S4), consistent with
the reduction in all other types of neighbor exchange. And
although only 5% of rosettes in Ptk7 mutant embryos remain
intact, similar to WT, those that resolve do so in random direc-
tions rather than with a strong AP preference (Figure S4). Of
note, mutant embryos exhibit a similar number of rosettes as
WT, with no difference in the number of cells comprising each
rosette (Figure S4).
Figure 4. The Basolateral Ends of Neural Plate Cells Elongate and Align Mediolaterally over Time, Whereas Ptk7 Mutant Cells Misalign
(A–D) Cell shape and orientation of the apical and basal ends of 380 neural plate cells from 19WT embryos, 140 cells from seven Lp embryos, and 195 cells from
ten Ptk7mutant embryos. Yellow outlines indicate cells measured, and rose diagrams indicate the orientation of major cell axes. Only the end time point is shown.
Anterior is up and corresponds to 90 in diagrams. Scale bars, 20 mm.
(A–C0 ) Snapshots of WT (A and A0), Lp mutant (B and B0), and Ptk7 mutant (C and C0) cells and orientations.
(D) Graph indicates aspect ratio of apical and basal ends of neuroepithelial cells within each embryo type at the beginning and end of time-lapsemovies. Error bars
represent themean and SEM. The apical ends ofWT cells and basal ends of WT and Lpmutant cells become significantlymore elongated over time (ANOVA, *p <
0.05). WT and Lpmutant cells are significantly more elongated than Ptk7mutant cells at both positions within the cell and at both time points (ANOVA, *p < 0.05).
Developmental Cell
Mechanisms of Neural Epithelial Cell IntercalationThe Basal Ends of Neural Plate Cells Elongate and Align
Mediolaterally
Although our data support mediolaterally biased cell intercala-
tion as a mechanism for elongation of the neural plate, other
mechanisms could also contribute to this process. Cell shape
change is one such mechanism that has been implicated in the
elongation of many epithelial systems, including Drosophila leg
imaginal discs (Condic et al., 1991) and chick neural plate (Nish-
imura et al., 2012; Schoenwolf and Powers, 1987). To determine
the contribution of cell shape change tomurine neural plate elon-
gation, cell shape and orientation weremeasured at both the api-
cal and basal ends of neural epithelial cells in WT embryos at the
beginning and end of time-lapse movies. The average aspect
ratio of the apical ends is significantly smaller than that of basal
ends, but both ends elongate significantly over the course of 8 hr
(Figure 4D). The orientation of the apical ends of these cells
is somewhat mediolaterally biased (Figure 4A), and the basal
ends are highly mediolaterally polarized (Figure 4A0). Thus,
although cells elongate significantly over time, they do soDperpendicularly to the axis of tissue elongation rather than
parallel to it. This shape change cannot contribute to elongation
directly, but it is inherent to the process of mediolateral cell
intercalation (Elul et al., 1997; Harrington et al., 2010; Hong
and Brewster, 2006; Keller et al., 2000; Yen et al., 2009).
Neural Plate Cells Exhibit Mediolaterally Biased
Protrusive Activity
Polarized protrusive activity has been described in multiple
systems that undergo mediolateral cell intercalation (Elul et al.,
1997; Harrington et al., 2010; Hong and Brewster, 2006; Keller
et al., 2000; Williams-Masson et al., 1998; Yen et al., 2009);
however, the best described examples are mesenchymal
tissues. To determine whether basolateral protrusions occur
during mediolateral intercalation within the epithelial neural
plate, movies were made of mT/mG:EIIA cre embryos in which
cells were scatter labeled with mG (Movie S2). In these scatter-
labeled embryos, many protrusions were apparent near the
basal ends of neural plate cells (Figure 5A0, arrowheads). Theevelopmental Cell 29, 34–46, April 14, 2014 ª2014 Elsevier Inc. 39
Figure 5. Cells of the Neural Plate Exhibit Polarized Basal Protrusive Activity, for Which Ptk7 Is Required
(A, C, and E) Still shots from time-lapse movies of scatter-labeled neural plates within the indicated embryo type. Arrowheads indicate protrusions that have
appeared in subsequent (4 or 6 min) time frames. Anterior is up. Scale bars, 10 mm.
(B, D, and F) Rose diagram indicate the direction of protrusions made by neural plate cells within the indicated embryo type (n = 5,651 protrusions, 83 cells, ten
embryos for WT; 1,663 protrusions, 26 cells, three embryos for LpMu; and 2,636 protrusions, 23 cells, three embryos for Ptk7Mu). Anterior corresponds to 90.
(G) Graph indicates the protrusive rate of neural plate cells (n = 37WT, 11 LpMu, and 4 Ptk7Mu cells); the rate is not different between groups (ANOVA, p = 0.25).
Error bars are means with SEM.
See also Movie S2.
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although some smaller protrusions also form along the lateral
boundaries. Individual cells generally exhibit multipolar protru-
sive activity, but a strong mediolateral bias becomes apparent
when all protrusions of all cells are summed (Figure 5B). An
accurate measurement of protrusions per minute was obtained
by making time-lapse movies with a 1 min interval, showing
an average rate of just under one protrusion per minute for
WT embryos (Figure 5G).
Ptk7 Mutant Neural Epithelial Cells Fail to Properly
Elongate and Orient
To determine the cellular basis of reduced ML intercalation
within Lp and Ptk7 mutant embryos, cell shape and orientation
were measured in the apical and basal ends of Lp and Ptk7
mutant neural plates at the beginning and end of time-lapse
movies. The apical ends of cells in Lp mutant embryos do not
elongate mediolaterally over time, but basal ends elongate to a
similar extent as WT cells over 8 hr (Figure 4D). In contrast,
neither the apical nor basal ends of Ptk7 mutant cells elongate
significantly, and at both time points are significantly less elon-
gated thanWT or Lpmutant cells (Figure 4D). Orientation of neu-
ral epithelial cells is also different between the two mutants. Lp
mutant cells are, like WT, strongly oriented along the ML axis
(Figures 4B and 4B0). Ptk7 mutant cells, however, orient more
randomly, but with a slight bias along the AP instead of the ML
axis (Figures 4C and 4C0).40 Developmental Cell 29, 34–46, April 14, 2014 ª2014 Elsevier Inc.Time-lapse movies were made of scatter-labeled Lp and Ptk7
mutant embryos to examine protrusive activity in mutant neural
plate cells. Similar to WT embryos, Lp mutant neural plate cells
make more protrusions in the ML direction (Figures 5C0 and
5D), whereas Ptk7 mutant neural plate cells protrude in random
directions (Figures 5E0 and 5F). The average protrusive rate of
cells within Lpmutant embryos was 1.18 protrusions per minute
and for Ptk7mutants was 0.96 protrusion per minute (Figure 5G),
neither of which is significantly different from the WT rate of
protrusion. Thus the reduced rate of intercalation observed in
Lp mutant embryos cannot be explained by a reduction in the
protrusive rate.
Apical Boundary Rearrangement and Basolateral
Protrusive Activity Both Contribute to Mediolateral Cell
Intercalation
Both apical boundary rearrangement and basolateral protrusive
activity are observed within the neural plate, but it is unclear
which of these mechanisms might be responsible for mediolat-
eral intercalation of cells. To address this issue, the apical and
basal ends of cells within rosettes were observed over time to
determine which end of the rosette resolves first, on the assump-
tion that whichever end resolves first is the end producing the
force that drives intercalation. Rosettes were chosen as an
example of neighbor exchange because they are visually distinct
and provide a clear readout of apical versus basal behavior (Fig-
ures 6A–6D0). Surprisingly, apical-first and basal-first resolutions
Figure 6. Apical and Basolateral Domains
Both Contribute to Neural Epithelial Cell
Intercalation
(A–D0) Still shots from live time-lapsemovies of WT
neural plates at both apical and basal ends of
cells. Examples of rosettes are circled. Resolution
is indicated by arrowheads. Anterior is up. (A)–(B0)
illustrate a rosette that resolves at the basal end
first, and (C)–(D0) illustrate a rosette that resolves at
the apical end first.
(E) Graph illustrates the percentage of rosettes
that resolve apically (teal bars) and basally (orange
bars) first in WT, LpMu, and Ptk7Mu neural plates
(n = 40 rosettes in six WT embryos, 19 rosettes in
four Lp Mu embryos, and 14 rosettes in four Ptk7
Mu embryos). The distribution of Lp Mu resolu-
tions are significantly different from WT, whereas
Ptk7 Mu resolutions are not (p = 0.005 and 0.766,
respectively; Fisher’s exact test).
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(Figure 6E). These results suggest that both apical and basolat-
eral cell behaviors contribute, perhaps equally, to mediolateral
intercalation of neural plate cells. And although rosettes within
Ptk7 mutant neural plates also resolve apically first and basally
first with equal frequency, Lp mutant rosettes nearly always
resolve basally first (Figure 6E), further evidence that the Lpmu-
tation primarily affects apical cell behavior and that basal cell
behavior is playing a significant role in driving intercalation.
Myosin IIB Localization in the Neural Plate Implies a
Regulatory Role for Ptk7
Polarized localization of myosin has been observed in the apices
of Drosophila germband cells and is thought to underlie the
biased cell rearrangements that drive their intercalation (Bertet
et al., 2004; Blankenship et al., 2006; Rauzi et al., 2010; Zallen
andWieschaus, 2004). To determine whether a similar molecular
mechanism functions during mediolateral intercalation of neural
plate cells, time-lapse movies were made of the neural plates of
mouse embryos expressing myosin IIB-GFP (Bao et al., 2007).
Although myosin IIB is highly enriched near the apical ends of
neural plate cells, it localizes equally to all apical edges rather
than in a planar-polarized way (Figures 7A and 7A0). Asymmetric
localization was apparent, however, near the basal surface of
these cells where myosin IIB is preferentially enriched at anterior
and/or posterior cell boundaries (Figures 7B and 7B0, arrow-
heads). Over a short time course, this basally localized myosin
IIB is dynamic, and changes in fluorescence intensity are
apparent along the length of the myosin IIB-enriched boundary
(Figures 7E–7H0). Myosin IIB localization in Ptk7mutant embryos
is likewise enriched near the apical surface of cells (Figures 7C
and 7C0), but it fails to localize in a polarized way near basal
cell ends (Figures 7D and 7D0). And although basal myosin IIBDevelopmental Cell 29, 34is dynamic in Ptk7 mutants, changes
in fluorescence intensity are not coordi-
nated along a particular axis (Figures 7I–
7L0). This lack of myosin IIB polarization
is consistent with a failure of these cells
to intercalate with a mediolateral bias.Myosin IIB can be activated by Rho Kinase (ROCK) (Amano
et al., 2000; Winter et al., 2001), which has also been implicated
downstream of Vangl2, and whose activation is thought to be
affected by the Lp mutation (Ybot-Gonzalez et al., 2007). Ptk7
can also activate myosin IIB via a pathway involving Src
(Andreeva et al., 2014). To determine whether loss of ROCK
and Src function is responsible for the Lp and Ptk7 phenotype,
respectively, CE and cell shape/orientation were measured in
live and phalloidin-stained embryos treatedwith the ROCK inhib-
itor Y27632 or with SU6656, an inhibitor of Src family kinases.
Y27632 treatment results in reduced neural epithelial cell height
and a reduction in CE (Figure S5), phenocopying homozygous Lp
mutants. The reduction in CE, however, is not due to a reduction
in neighbor exchanges as in Lp mutants, but rather appears to
result from changes in cell shape (Figure S5). SU6656 likewise
recapitulates some aspects of the Ptk7 mutant phenotype;
namely, reduced cell height, increased apical surface area,
and reduced elongation/orientation of basal cell ends (Figure S5).
However, these changes in cell shape are not accompanied by
defects in CE or mediolateral cell intercalation. Taken together,
these data suggest that decreased ROCK and Src activity
can disrupt cell shape within the neural plate without affecting
mediolateral cell intercalation.
DISCUSSION
Similar to embryos of many species, the mammalian embryo
undergoes a dramatic narrowing and elongation that defines
the AP body axis. A major part of this axial elongation is neurula-
tion, a process that involves CE of the neural plate and closure of
the neural tube. Defects in neurulation, and specifically, failure of
neural tube closure, are not rare and can lead to lifelong health
problems or even death, making it important to understand the–46, April 14, 2014 ª2014 Elsevier Inc. 41
Figure 7. Myosin IIB Localizes Anteriorly and/or Posteriorly at Basal Cell Surfaces, but Fails to Localize in a Planar Manner in Ptk7Mutants
(A–D0) Neural plates in WT (A–B0 ) and Ptk7 mutant (C–D0) embryos expressing Myosin IIB-GFP. (A) and (C) show the apical surface of a WT and Ptk7 Mu neural
plate, respectively; (B) and (D) show the basal surface of aWT and Ptk7Mu neural plate, respectively. (A0 ), (B0), (C0), and (D0) are enlarged views of the areas shown
in yellow boxes. Anterior is up in all images. Arrowheads indicate areas of myosin IIB enrichment.
(E–L) Enlarged still shots from time-lapse movies of WT (E–H) and Ptk7 Mu MIIB-GFP (I–L) neural plates.
(E0–L0) Surface plots of fluorescence intensity within the regions marked by yellow boxes in E–H (E0–H0) and I–L (I0–L0).
See also Figure S5.
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cell behaviors that underlie CE of the murine neural plate, and
we have identified distinct apical and basolateral mechanisms
that function together to drive epithelial cell intercalation. PCP
signaling is critical for the spatial coordination of these mecha-
nisms and for proper CE of the neural plate. These observations
have clarified our understanding of epithelial tissue dynamics,
neural tube formation, and the role of PCP in these processes.
A Model for Neural Plate Intercalation
We have demonstrated by direct observation that WT neural
epithelial cells undergo mediolateral intercalation to converge
and extend the neural plate. These cells exhibit boundary rear-
rangement at apical ends, which display circumferential enrich-
ment of myosin IIB. They also exhibit oriented protrusive activity
in the basolateral domain. Asymmetric myosin IIB localization
basally implies that these protrusions provide the directional
force that biases the orientation of intercalations. Together,
these results strongly implicate activemediolateral cell intercala-
tion as a mechanism for CE. Careful examination of epithelial
rosettes reveals that they can resolve at either the apical or basal
ends first, suggesting that both apical and basolateral cell be-
haviors actively contribute to cell intercalation. Furthermore, Lp
and Ptk7mutant embryos display distinct phenotypes that allow
us to functionally separate the behavior of apical and basolateral
domains.
Ptk7 mutant neural epithelial cells exhibit reduced elongation
and misalignment of their basal ends, with protrusive activity
that is random rather than mediolaterally biased. Myosin IIB
localization is likewise randomized near basal ends. At their api-
cal ends, there is a corresponding loss of ML-biased neighbor
exchange but no decrease in the frequency of intercalation
events. Significantly, rosettes within Ptk7 mutant neural plates
resolve with equal frequency at the apical and basal ends first,
implying that each of these domains contributes equally to
intercalation, even though it is misoriented. These cells appear
to maintain both apical and basal behaviors required for interca-
lation, and they can coordinate the two, but they cannot execute
them in an oriented way that produces CE. So although intrinsic
cell polarity is maintained, they have lost their ability to recognize
the tissue axis.
Neural epithelial cells within Lp mutant embryos, in contrast,
elongate, orient, and make protrusions in the ML direction just
as in WT embryos. However, Lp mutant cells exchange apical
neighbors at only half the rate ofWT cells. Indeed, rosettes within
Lp mutant neural plates nearly always resolve at the basal end
first, suggesting either that the apical portion of the intercalation
mechanism is not functioning normally or perhaps that it is no
longer properly coupled to the basolateral mechanism. These
cells domaintain their polarity within the tissue, though. This pro-
vides evidence that the basolateral portion of the intercalation
mechanism is not sufficient to drive CE alone and that it must
cooperate with the apical domain to drive efficient CE.
Taken together, these data provide us with a likely mechanism
of epithelial cell intercalation and neural plate CE. The basal ends
of neural epithelial cells elongate, align, and protrude in the ML
direction, thereby providing directionality to intercalation events.
Meanwhile, apical ends actively reorganize their boundaries
to promote biased neighbor exchange, cooperatively drivingDmediolateral cell intercalation. If either of these cellular mecha-
nisms is perturbed, intercalation cannot occur properly. In the
case of Ptk7 mutant embryos, apical boundaries can rearrange
at a normal rate, but neighbor exchanges and basolateral protru-
sions are misoriented, and CE fails. In the case of Lp embryos,
basal ends align and protrude normally, but apical boundary
rearrangement is reduced, and CE fails.
Mechanisms of Epithelial Cell Rearrangement
Both basolateral protrusive activity and apical boundary rear-
rangements have been observed within the mouse neural plate,
and both behaviors have been implicated in driving active cell
intercalation in other systems. Mediolaterally polarized protru-
sive activity is a highly conserved mechanism demonstrated to
promote cell intercalation resulting in elongation of both mesen-
chymal and epithelial tissues in many species, including ascid-
ians, nematodes, frogs, fish, and mice (Heisenberg et al., 2000;
Keller et al., 2000; Munro and Odell, 2002; Shih and Keller,
1992; Williams-Masson et al., 1998; Yen et al., 2009; Yin et al.,
2008). Although polarized protrusive activity is best described
in mesenchymal cells, it has also been documented within
epithelial tissues. The epidermis ofC. elegans and the notochord
of the ascidian, for example, bothmake directed basolateral pro-
trusions that drive cell intercalation and thus tissue elongation
(Williams-Masson et al., 1998; Munro and Odell, 2002).
Apical boundary rearrangement has also been implicated in
elongation of epithelial tissues. Biased contractility of adherens
junctions at apical cell ends has been suggested to be respon-
sible for elongation of the Drosophila germband (Bertet et al.,
2004; Blankenship et al., 2006; Zallen and Blankenship, 2008),
vertebrate kidney tubules (Lienkamp et al., 2012), and chick
neural plate (Nishimura et al., 2012). In Drosophila, these apical
rearrangements occur in the form of either T1 processes ormulti-
cellular rosettes. The current study describes both of these
cellular mechanismswithin themouse neural plate, and although
T1 processes appear similar between the two systems, multicel-
lular rosettesmay be functionally distinct between fly andmouse.
Like rosettes in the Drosophila germband (Blankenship et al.,
2006), rosettes within WT mouse neural plates resolve with a
strong AP preference. However, unlike the germband, rosettes
in the mouse neural plate often do not resolve by elongation of
a common boundary, and they are instead disrupted by one or
more other types of boundary rearrangement. It is possible that
these epithelial rosettes represent analogous structures within
their respective species but that differences in the ways they
are resolved may indicate functional and/or mechanistic distinc-
tions between them. Comparisons between these two systems
are difficult, however, considering that the germband elongates
over a much shorter time period, and largely in the absence of
cell divisions (Irvine and Wieschaus, 1994).
Role of Planar Polarity
Although Vangl2 and Ptk7 have both been demonstrated to con-
trol planar polarity of many embryonic structures in mice (Lu
et al., 2004; Montcouquiol et al., 2003; Ybot-Gonzalez et al.,
2007), only Vangl2 possesses a homolog within the Drosophila
PCP pathway (Kibar et al., 2001). Despite the well-established
role of Vangl2 in planar polarity in many species (Darken et al.,
2002; Goto and Keller, 2002; Jessen et al., 2002; Montcouquiolevelopmental Cell 29, 34–46, April 14, 2014 ª2014 Elsevier Inc. 43
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Vangl2 Lpmutant neural plate cells do not exhibit a loss of polar-
ity. These cells elongate, align, and protrude in the ML direction
just as WT cells do, implying that they maintain a sense of their
position within the plane of cells. Ptk7 mutant cells, however,
do appear to have lost recognition of tissue polarity entirely.
They maintain intrinsic cell polarity and all of the correct cell
behaviors, but they fail to execute them in an oriented manner.
It is possible that tissue polarity is maintained in Lp mutant
embryos because of partial redundancy with Vangl1. Indeed,
Vangl1/2 double mutant mice are significantly shorter AP than
Vangl2 mutants (Song et al., 2010), implying that they display
more severe defects in CE. The Lp phenotype may also be
related to dynamics at the apical ends of cells. The reduced abil-
ity of Lp mutant cells to exchange neighbors could suggest
a reduction in the turnover of adherens junction proteins, for
example. Indeed, cadherins have been implied in CE in several
examples of tissue morphogenesis, often downstream of PCP
signaling (Chacon-Heszele et al., 2012; Lindqvist et al., 2010;
Speirs et al., 2010; Ulrich et al., 2005), and PCP components
have been demonstrated to be important for cadherin recycling
in Drosophila cells, including Vang/Stbm (Classen et al., 2005;
Warrington et al., 2013).
Interestingly, despite the distinct cell intercalation phenotypes
observed between Lp and Ptk7 mutants, they exhibit a very
similar cell morphology phenotype. In both mutants, neural cells
are shorter and less apically constricted than WT. Our data sug-
gest that failure of neural tube closure may be closely related to
aberrant cell morphology. Lpmutants display a less severe inter-
calation defect thanPtk7mutants, andmoreefficientCE, but they
still fail to close their neural tube. Failure of apical constriction
results in an abnormally shaped neural plate, as reported previ-
ously in Lp embryos (Greene et al., 1998), and it is likely that
this abnormal shape prohibits neural tube closure regardless of
the degree of CE that it undergoes. Although it has been sug-
gested that failure of CE alone is responsible for failed neural
tube closure in Xenopus (Wallingford and Harland, 2001), we hy-
pothesize that failure of apical constriction is amore direct cause
of the open neural tube observed in Lp and Ptk7mousemutants.
In summary, we have found that the murine neural plate
undergoes convergent extension by mediolateral intercalation
of neural epithelial cells, which is driven by a combination of api-
cal boundary rearrangement and biased basolateral protrusive
activity. These behavioral mechanisms are distinct, and both
are dependent on PCP signaling, providing amodel for the verte-
brate embryo of cooperative apical and basolateral cellular
mechanisms for epithelial cell intercalation.EXPERIMENTAL PROCEDURES
Animals and Embryo Collection
Animal use protocols were reviewed and approved by the University of Virginia
Institutional Animal Care and Use Committee and are in compliance with Pub-
lic Health Service and U.S. Department of Agriculture guidelines for laboratory
animal welfare. Crosseswere set up between females andmales of the desired
strains (see Supplemental Information), and the morning a plug was identified
was designated 0.5 day postcoitum (dpc). Progeny were dissected at 8–8.5
dpc, usually corresponding to the two- to four-somite stage, in ice-cold
medium. For time-lapse imaging, mT/mG embryos were examined for mG
expression, and mG-positive embryos were oriented with their distal tips fac-44 Developmental Cell 29, 34–46, April 14, 2014 ª2014 Elsevier Inc.ing down within the teeth of a rubber ‘‘comb’’ cut from CoverWell perfusion
well gaskets (Invitrogen) and attached to a glass-bottomed culture dish.
They were secured in this position with silicone grease and Nitex mesh
(Genesee Scientific) and cultured in 50% rat serum (Harlan Bioproducts for
Science), 50% whole-embryo culture medium (Yen et al., 2009) on a heated
stage. After imaging, embryos were lysed and genotyped by PCR.
Inhibitor Treatment
For live imaging,mG-positiveWTembryoswere set up for imaging asdescribed
above, and 10 mMY27632, 5 mMSU6656 (Sigma), or an equal volume of DMSO
was added to the culture medium 1 hr before imaging. For immunofluores-
cence, WT embryos were dissected at embryonic day 7.75 and then cultured
overnight on a roller in culture medium containing inhibitors or DMSO at the
concentrations mentioned above. Embryos were removed from culture after
16 hr and processed for immunofluorescence as described below.
Immunofluorescence
mG-negative embryos were fixed for 15–20 min in 4% paraformaldehyde,
rinsed twice with PBS, and then yolk sacs were removed. Embryos were
blocked in 5%BSA and 10% fetal bovine serum, and then they were incubated
in rhodamine phalloidin (Invitrogen) at 1:50 in PBS-Tween. Embryos were
rinsed with PBS-Tween and flat mounted in glass-bottomed dishes for
confocal imaging.
Microscopy
Live fluorescent embryoswere positioned distal tip down on an invertedmicro-
scope to collect a z stack (generally with a 2 mmstep size) through the full depth
of the ventral neural plate region at every time point (generally every 6 min)
over 8 hr. Imaging of embryos was performed using either a Radiance 2100
(Bio-Rad) or an LSM 510 Meta (Zeiss) laser scanning confocal microscope.
A Plan Fluor 203 numerical aperture (NA) 0.75 multi-immersion objective
lens and LaserSharp2000 software (Bio-Rad) were used to acquire confocal
images using the Radiance 2100 confocal microscope, and a plan-apochro-
mat 253 water NA 0.8 objective lens and LSM software version 4.0 (Zeiss)
were used with the LSM 510 Meta confocal microscope.
Image Analysis
ImageJ (National Institutes of Health) was used to view time-lapse movies and
to concatenate single optical sections across time to align each movie in the z
dimension and best visualize the tissue position of interest. Most time-lapse
movies were also aligned in the x and y axes before further analysis to eliminate
whole-embryo drift from tracking results. ImageJ was used to manually track
cells, make and measure distortion diagrams, and measure orientations
of protrusions. Measurements of cell clusters were made using a binding
rectangle, whereas measurements of individual cells were made by fitting an
ellipse to each cell.
Statistical Analysis
PAST software (Hammer et al., 2001) was used to make rose diagrams and
to analyze the associated circular statistics. Other statistical analyses were
performed using Prism 5 software (GraphPad) and included ANOVA with a
post hoc test for multiple comparisons of means, the Kruskal-Wallis test for
nonparametric samples, and chi-square and Fisher’s exact tests for sampling
distributions. The statistical analysis used to analyze the specific data are
listed in each figure legend.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, and two movies and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2014.02.007.
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